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Abstract
In this paper we report new calculations of the shape of the Raman rotational lines of hydrogen in
solution with water. The method was based on a perturbative treatment and the calculations were
performed for a system at room temperature and pressure ≈14MPa, a thermodynamic state at which
both measurements and accurate non-adiabatic calculations were available. The scope of the paper is
to compare our numerical findings both with the computational results obtained with the non-
adiabatic method and with the measured widths of the rotational lines. We found that our results are
very similar to those obtained with the non-adiabatic method. Calculations of the widths were made
with different models for the hydrogen–water intermolecular potential. The comparison of the
numerical evaluations with the experimental findings allows us to judge how dependable the potential
models are. The same calculations were performed also at larger pressures, up to 160MPa. It was
found that the widths of the rotational lines increased by increasing the pressure whereas, at the same
pressure, they decreased when the rotational quantum number of the initial state was increased.
Keywords: Raman line-shape, gas liquid systems, intermolecular potentials
(Some figures may appear in colour only in the online journal)
1. Introduction
Raman spectroscopy of molecular hydrogen in water [1–6] is
an important tool to understand both the interaction properties
of water and hydrogen [4, 7–11] and the mechanisms by
which a clathrate is formed [12].
Here, we will be concerned with anisotropic Raman
spectroscopy [1, 4, 13, 14], and particularly with pure rota-
tional lines S0( j), with j indicating the angular momentum
quantum number of the initial state of the Raman transition.
The shape of these lines has been measured for both hydrogen
and deuterium dissolved in water [3].
These line shapes contain information about all the
interactions inside the solution, specifically about the hydro-
gen–water intermolecular potential. However, extracting
information from the spectral profiles is not an easy task.
Numerical evaluations of the rotational Raman line shapes
have been performed in the past using a tentative inter-
molecular potential and various approximations: like static
approximation, adiabatic approximation and the extreme
motional narrowing limit of the Redfield theory [4]. Such
approximations are, however, rather poor as was demon-
strated by the comparison with results based on non-adiabatic
numerical evaluations [13, 14]. The non-adiabatic calcula-
tions are more accurate but are also more cumbersome and
time-consuming. Therefore, they are not appropriate when
they are to be repeated to determine the effect on the line
shapes of different hydrogen–water potential models. Thus it
is desirable to search for an approximate method that is
simple and, at the same time, able to reproduce the non-
adiabatic results with reasonable accuracy.
In this paper we demonstrate that, in the case of solution
of hydrogen in water, a rather simple method gives numerical
results for the line widths that differ from the non-adiabatic
one by no more than 10%.
In our method we expand the logarithm of the polariz-
ability correlation function in a perturbative series. In order to
show the reliability of our approach, we compare the widths
of the Raman rotational lines calculated with our method with
those obtained by the non-adiabatic approach [13] and with
the same intermolecular potentials. The comparison was made
for a solution at room temperature and at a pressure of
Journal of Physics B: Atomic, Molecular and Optical Physics
J. Phys. B: At. Mol. Opt. Phys. 52 (2019) 095101 (7pp) https://doi.org/10.1088/1361-6455/ab114d
0953-4075/19/095101+07$33.00 © 2019 IOP Publishing Ltd Printed in the UK1
≈14MPa for which both non-adiabatic calculations [13] and
experimental measurements [1] are available.
The calculations were repeated here with two different
H2-H2O potential models and the results were compared with
the experimental findings [1].
Finally, we have calculated the widths of the rotational
Raman lines also at higher pressures. We have found that the
width of the lines increases with increasing pressure. Also, at
each pressure, the width decreases by increasing the quantum
number of the initial rotational state.
The paper concludes with a section about the discussion
of the numerical results and comparison with the experiment.
2. Theory
In this section we will describe the theory that we have used
to estimate the Raman rotational spectrum of molecular
hydrogen in solution with water. To this scope we isolate a
single hydrogen molecule (‘radiating’ molecule) and consider
the time auto-correlation function of its anisotropic polariz-
ability. The dynamics of the ‘radiating’ molecule is deter-
mined by its interaction with the rest of the solution, which is
composed of all the water molecules plus the other hydrogen
molecules.
In our theory, we will assume that the rotational Raman
spectrum of molecular hydrogen in water can be written as a
sum of isolated lines, each denoted by an initial and a final
rotational state. Such an approximation is justified by the
large separation between the resonance frequencies associated
with the different rotational lines (see figure 3 in [1])
Accordingly we can write
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where S(ω) is Raman spectrum, γ is the anisotropic part
of the polarizability of the hydrogen molecule, P( j)=
b-( )g E Zexpj j rot is the Boltzmann factor for the rotational
state with quantum number j and energy Ej, gj is the nuclear
spin factor that equals 1 and 3 for even and odd jʼs
respectively and, finally, Zrot= bå - +( )( )g E jexp 2 1j j j is
the rotational partition function. Initial and final states of the
Raman transitions are indicated by i and f and the transition
frequency by wif [15].
Correlation functions Cif(t) can be expressed as [16, 17]
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where  = -( ) ( ) ( )U z izH izHexp exp0 [16, 17] and z is a
complex variable. H is the Hamiltonian of the system
composed by all the water plus hydrogen molecules and H0 is
a Hamiltonian that equals the total Hamiltonian H minus the
part of the potential energy that depends on the orientation of
the ‘radiating’ molecule. H0 is considered here as the
‘unperturbed’ Hamiltonian. The internal states of the
‘radiating’ molecule are denoted as ñ∣jm , where j and m are the
rotational quantum numbers of the ‘radiating’ molecule.
Finally, the symbol á ñ.... 0 denotes a thermal average
performed on the unperturbed system. The operator Vpert=
-H H0 is treated as the perturbation.
The correlation function Cif(t) can be simplified in view
of its perturbative expansion in powers of Vpert. Actually, it
can be shown (see equation (2)) that, up to second order, the
effect of Vpert contained in bá - ¢ñ∣ ( )∣j m U i j mi i i i amounts to
an imaginary, antisymmetric correction to Cif(t). Such a cor-
rection does not alter the total intensity of the line and is
expected to be small. For such a reason we disregard its
contribution and replace bá - ¢ñ∣ ( )∣j m U i j mi i i i by d ¢m mi i .
Within such an approximation, the resulting correlation
function takes the form
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Note that Cif(0) equals 1 according both to equation (2) and to
its approximate form in equation (3).
Below, we define the potential V for the interaction of the
‘radiating’ hydrogen molecule with the rest of the solution.
Such a potential can be separated into components that differ
for the symmetry with respect to the orientation of the
‘radiating’ molecule. Moreover, because we are interested in
the pure rotational Raman spectrum of hydrogen, the inter-
molecular potential can be averaged over the ground vibra-
tional state ( ñ∣0 ) of the ‘radiating’ molecule
å åpG = + G( ˆ ) ¯ ( ) ( ˆ) ( )V r L v Y r,
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, 4
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In equation (4), L is a positive integer and the sum runs from
L=0 to infinity. r and rˆ are the modulus and the direction of
the vector joining the two nuclei in the ‘radiating’ hydrogen.
Finally, Γ represents all the coordinates defining the config-
uration of the solution minus the roto-vibrational coordinates
of the ‘radiating’ molecule.
As already stated before, the perturbation is the part of
the H2-H2O potential that depends on the hydrogen orienta-
tion, that is
å åpG = + G>( ˆ ) ¯ ( ) ( ˆ) ( )V r L v Y r,
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Next, we applied perturbation theory to the operators U(t)
and ( )†U t and finally obtain Cif(t) correct up to second order
in Vpert according to the equation
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and χL(t) the time correlation function of the anisotropic
components of the potential energy of H2 in solution with
water
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It is to be noticed that ( )K tif is a complex function, with
the real part symmetric and the imaginary part antisymmetric
with respect to time t. The antisymmetric part does not con-
tribute to the total intensity of the line. In principle it can
introduce non symmetric terms in the spectrum but these are
expected to be small and as of to date have not been observed.
For these reasons we have neglected these contributions to the
spectrum and have retained only the real part of the correla-
tion function ( )K tif
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Among all the anisotropic components in equation (4),
L=2 is particularly important because at large distances it
can be represented as the interaction of the H2 electric
quadrupole with the water dipole moment
*å p= á ñ¯ ∣ ( )∣ ( ˆ ) ( )v Q r q
R
Y R0 0
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, 11M
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,
3 2 ,
where the index a refers to the nuclei of all the water mole-
cules and qa is the charge associated with the nucleus a
according to the simple point charge model for the water–
water interaction of Berendsen et al [18]. á ñ∣ ( )∣Q r0 0 is the
quadrupole moment of hydrogen averaged over the ground
vibrational state.
In previous calculations [4, 13] the value ea0.466 0
2 [19]
was used for á ñ∣ ∣Q0 0 . Here we have used both that value and
the more recent value á ñ =∣ ∣Q ea0 0 0.485 02 which is taken
from [20] (the value used here is actually 1/2 of the value
appearing in [20] because of a different definition of the
quadrupole moment).
3. Molecular dynamics results
In order to determine the shape of the Raman lines, it is
necessary to compute the correlation function χ2(t) of
equation (9). The components G¯ ( )v M2 are defined in
equation (11) and the explicit expression for correlation
function is
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where a and ¢a represent the positions of all the nuclei in the
water molecules. P2 is Legendre polynomial and Ra, cm and
Rˆa cm, are modulus and unit vector of

Ra cm, , respectively. The
vector

Ra cm, originates at the center of mass of the hydrogen
molecule and ends at the nucleus a of the water molecule.
Finally, qa is the charge located at the site of the nucleus a of
the water molecule [18].
We have performed the calculations with two different
values for á ñ∣ ∣Q0 0 , ea0.466 02 [19] and ea0.485 02 [20]. We
have computed the correlation function χ2(t) by means of
classical molecular dynamics. In these calculations the water
molecules are treated as rigid (their vibrations are not taken
into account). They interact among themselves by means of
the Simple Point Charge potential of Berendsen et al [18]. For
the hydrogen–hydrogen potential we take a Lennard–Jones
model based on the Silvera and Goldman potential [21].
Finally, the H2-H2O interactions are determined by the
potential energy G¯ ( )v00 from equation (5). Accordingly, the
system is composed of water molecules that can translate and
rotate plus hydrogen molecules that can only translate.
The computations of χ2(t) have been performed with two
different Lennard–Jones models for the isotropic v¯00 comp-
onent of the hydrogen–water potential. The Lennard–Jones
models depend on the distance between the center of mass of
the H2 molecule and the position of the oxygen in the water
molecule. The parameters s = = -( Å )2.92 , 1.139 kJ mol 1
of first one, named hereafter VHunter, are taken from gas phase
scattering data [22]. VHunter has been used in the past [4, 22]
to calculate the widths of the rotational lines, both in the
adiabatic [4] and non-adiabatic [13] approximations. The
parameters s = = -( Å )3.10 , 0.431 kJ mol 1 of the second
potential, named VAlavi, are derived from the application of the
Lorentz–Bertholet combination rules [7].
Molecular dynamics simulations have mostly been per-
formed in the isokinetic variant of the canonical NVT
ensemble. The density of water in the solution is determined
with the help of the results obtained in [6] and according to
the procedure described in [23]. The calculations that have
been performed with 432 water molecules and 1 hydrogen
3
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molecule were compared with the experiment. According to
solubility measurements [5, 6], such a ratio corresponds to a
pressure of 14.7 MPa at T=280 K [23] which is close to the
experimental conditions [1]. Additionally, we computed the
correlation functions also for 5 and 9 hydrogen molecules
surrounded by 432 water molecules.
We have chosen the NVT ensemble rather than the NPT
one for the sake of simplicity. However, in order to estimate
the differences due to the use of either the NVT or the NPT
ensemble, we have performed NPT simulations of pure water
at the pressures of 15, 80 and 160MPa and determined the
corresponding densities. Such densities agree with the
experimental ones within an uncertainty of 0.5%–1%.
Both isokinetic and Nose–Hoover canonical ensembles
have been employed in order to check any differences in
resulting correlation functions. For the basic simulation cell, a
rhombic dodecahedron one has been used. Also, a rather
accurate Ewald sum has been used to properly take into
account the long range electrostatic interactions. The time
steps were 0.001ps and the runs 107 time steps (10 ns)
long. In the Nose–Hoover simulations, the relaxation time
was 1ps.
We have computed the correlation functions Cif(t) for
two different v¯00 models. Results are shown in figures 1–4.
Correlation functions were calculated using both model
potentials VHunter [4] and VAlavi [7] for v¯00. The decay time of
the correlation function increases when increasing the initial
rotational quantum number and thus the rotational frequency.
In figures 5–8 we report the Fourier transforms of the corre-
lation functions Cif(t) that are denoted by Iif(ω). They show
the line shapes of the different rotational Raman lines and
their dependence on the choice of the model for v¯00. The
integrated intensity of all the line shapes in figures 5–8 are
normalized to unity.
The numerical results reported in figures 1–8 have been
calculated at the relative density 1/432 with hydrogen
quadrupole moment equal to ea0.485 0
2 [20].
4. Comparison with experiments and previous
calculations
In this section we report the numerical results for the Half
Width at Half Maximum (HWHM) for the lines S0( j) with
Figure 1. C02(t) with potential models VHunter and VAlavi and
=Q ea0.485 02.
Figure 2. C13(t) with potential models VHunter and VAlavi and
=Q ea0.485 02.
Figure 3. C24(t) with potential models Vhunter and VAlavi and
=Q ea0.485 02.
Figure 4. C35(t) with potential models Vhunter and VAlavi and
=Q ea0.485 02.
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j=0–3 for a solution of molecular hydrogen in water with a
molar ratio of 1/432. Such a density ratio corresponds to a
pressure of 14.7MPa [6]. It is close to the pressure of
13.8 MPa at which the widths of the rotational lines were
measured [4] and non-adiabatic calculations were performed
[13]. At first we made our calculations with the same inter-
molecular potential as in [13]. Particularly, the anisotropic
component of the H2-H2O potential has the same form as in
equation (11) with á ñ =∣ ∣Q ea0 0 0.466 02 and VHunter is the
model for the isotropic component v¯00. The comparison of our
results with those reported in [13] are presented in table 1. In
the first row of table 1 the experimental widths are reported
for the first four S0( j) rotational lines [1, 3]. In the following
rows we compare the widths calculated with our method and
with the non-adiabatic method (see table 2 in [13]) using the
same H2-H2O potential.
The comparison of the two numerical results shows an
agreement between the two methods within 10%, which we
judge to be very satisfactory considering the relative simpli-
city of our approach. Moreover, our calculations describe
experimental results qualitatively well. To this regard, it is
important to remember here that we have used a multi-polar
interaction to represent the anisotropic component of the
H2-H2O interaction, which is a reasonable approximation
only at large intermolecular distances.
In table 2, we report the results for the widths obtained
with our method with three different H2-H2O potentials. The
potential models are specified in the first column; VHunter and
VAlavi refer to the isotropic component. The anisotropic
component of the H2-H2O potential energy is determined by
the value of á ñ∣ ∣Q0 0 as shown by equation (11).
Table 2 shows the dependence of the Raman widths as a
function of the isotropic and anisotropic components of the
H2-H2O potential. While keeping the anisotropic component
constant and switching from the model VHunter [4] to the
model VAlavi [7], the widths decrease. This is a result of the
differences between the models used; model VHunter has a
smaller σ and a larger ò than the model VAlavi. For such a
reason the potential model VHunter allows the water molecules
to stay closer to the hydrogen molecules than the potential
model VAlavi. Therefore, in the former case, the hydrogen
molecules experience a more intense anisotropic interaction.
Figure 5. Fourier transform of C02(t), denoted here as I02(ω),
computed with potential models Vhunter and VAlavi and
=Q ea0.485 02.
Figure 6. Fourier transform of C13(t), denoted here as I13(ω),
computed with potential models Vhunter and VAlavi and
=Q ea0.485 02.
Figure 7. Fourier transform of C24(t), denoted here as I24(ω),
computed with potential models Vhunter and VAlavi and
=Q ea0.485 02.
Figure 8. Fourier transform of C35(t), denoted here as I35(ω),
computed with potential models Vhunter and VAlavi and
=Q ea0.485 02.
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Moreover, the comparison of the last two rows of table 2
shows that the widths decrease when we increase the value of
the hydrogen quadrupole moment.
A comparison of the numerical and experimental results
shows that the experimental widths for the S0(0) and S0(1)
lines are best reproduced when using the model VAlavi [7] for
the isotropic component. S0(2) and S0(3) line widths are
reproduced somewhat better by the VHunter model. Taking into
account that according to [1, 3], the S0(0) and S0(1) line
widths were measured with higher precision than the S0(2)
and S0(3) line widths, we are inclined to favour the VAlavi with
respect to the VHunter model. This finding is in agreement with
conclusions about the vibrational Q branch in [23].
In table 3, we report the widths as a function of the molar
ratio n nH H O2 2 both for potential models VHunter and VAlavi
and with Q= ea0.485 0
2.
Table 3 shows that, for both VHunter and VAlavi models,
the HWHM for every rotational line increases when the
relative molar density, and thus the pressure of the solution,
increases.
Finally, in figure 9, we report the computed total rota-
tional Raman spectrum at the lowest pressure calculated with
potential model VAlavi. It can be compared with the exper-
imental results reported in [3], particularly figures 6.
In conclusion, in this paper we have demonstrated that
the numerical results of the non-adiabatic calculations for the
widths of the rotational Raman lines of hydrogen in water,
can be reproduced within 10% of accuracy by means of a
method based on a perturbative expansion of the hydrogen
polarizability correlation function. According to such method,
the time dependence of the polarizability correlation function
can be obtained by calculating time correlation functions of
the anisotropic components of the H2-H2O intermolecular
potential in a system in which the hydrogen molecules rotate
freely. The effect of free rotations of the hydrogen molecules
are easily calculated also in the quantum mechanical case. On
the contrary, translations of the hydrogen molecules are
coupled with roto-translational motion of the water mole-
cules. This requires elaborate computations which can be
performed, with a reasonable approximation, by means of
classical molecular dynamics.
We have also shown how different models for the
H2-H2O potential energy affect the shape of the rotational
Raman lines. Particularly, we have considered the models of
[7, 22] for the isotropic component and two different values
for the hydrogen quadrupole moment for the anisotropic
component.
Numerical results for the HWHM are also reported as a
function of hydrogen concentration.
Table 1. Comparison of measured HWHM, HWHM calculated with our method and with a non-adiabatic method using the same potential
model.
Method S0(0) cm
−1 S0(1) cm
−1 S0(2) cm
−1 S0(3) cm
−1
experiment [1] 47.6±0.6 39.7±1.1 28.0±1.4 20.6±1.5
this work ( á ñ =∣ ∣V Q, 0 0 0.466Hunter ) 51.2 45.4 24.7 15.6
non-adiabatic [13] 50.4 41.5 22.5 15.3
Table 2. HWHM calculated with our method with three different hydrogen–water potential models.
Method S0(0) cm
−1 S0(1) cm
−1 S0(2) cm
−1 S0(3) cm
−1
Experiment [1] 47.6±0.6 39.7±1.1 28.0±1.4 20.6±1.5
á ñ =∣ ∣V Q, 0 0 0.485Alavi 45.9 42.9 23.1 14.9
á ñ =∣ ∣V Q, 0 0 0.485Hunter 54.4 48.3 26.3 16.7
á ñ =∣ ∣V Q, 0 0 0.466Hunter 51.2 45.4 24.7 15.6
Table 3. HWHM as a function of relative molar densities and of the
model for the isotropic potential. á ñ =∣ ∣Q ea0 0 0.485 02.
nH nH O2 2 v00 model
S0(0)
cm−1 S0(1)cm
−1
S0(2)
cm−1
S0(3)
cm−1
1/432 VHunter 54.4 48.3 26.3 16.7
5/432 VHunter 57.1 50.7 27.9 17.8
9/432 VHunter 60.3 53.4 29.5 19.1
1/432 VAlavi 45.9 42.3 23.1 14.8
5/432 VAlavi 48.6 44.9 24.7 15.9
9/432 VAlavi 51.8 47.5 26.5 17.3
Figure 9. Rotational Raman spectrum with potential model 2 and
=Q ea0.485 02.
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